We have identified a serine/threonine kinase that is rapidly activated during Fas-mediated apoptosis. Fas-activated serine/threonine kinase (FAST) is phosphorylated on serine and threonine residues in Jurkat cells. In response to Fas ligation, it is rapidly dephosphorylated and concomitantly activated to phosphorylate TIA-1, a nuclear RNA-binding protein that has been implicated as an effector of apoptosis. Phosphorylation of TIA-1 precedes the onset of DNA fragmentation, suggesting a role in signaling downstream events in the apoptotic program. Our results introduce FAST and TIA-1 as components of a molecular cascade involved in signaling Fas-mediated apoptosis.
Poptotic cell death is required for the normal development and survival of multicellular organisms (1, 2) . Just as cells induced to proliferate activate a programmed series of biochemical events leading to cell division (i.e., mitosis), cells induced to die activate a distinct program of biochemical events leading to cell death (i.e., apoptosis). Whereas the morphological changes accompanying both mitosis (3) and apoptosis (4) have been appreciated for many years, the biochemical events underlying these changes are only beginning to be understood. In the case of mitosis, genetic analysis of cell division cycle mutants in yeast has shown that the molecular effectors of cell division are a family of highly regulated cyclin-dependent kinases (5) . Although some cyclindependent kinases are also activated during apoptosis (6, 7) , specific molecular effectors of apoptosis have not yet been identified.
One of the most potent triggers of lymphocyte apoptosis is the Fas antigen, a tumor necrosis factor receptor-related cell surface molecule (8) , whose expression is induced by lymphocyte activation (9, 10) . Ligation of Fas antigen, either by Fas ligand or by specific mAbs, rapidly induces apoptosis in susceptible lymphocytes. Although the activation of a sphingomyelinase to produce ceramide may be involved in signaling Fas-mediated apoptosis (11) , ceramide production also occurs in response to cytokines that do not trigger apoptosis (12, 13) , indicating that additional effector molecules specific for apoptosis might be activated by ceramides. The ability of ceramides to activate selected protein kinases (14, 15) and phosphatases (16) suggests that these lipid mediators might regulate the phosphorylation of specific apoptotic effector mole~.lles.
We have identified a family of RNA recognition motif (RRM)l-type RNA-binding proteins that are candidate effectors of apoptotic cell death. The first member of this family was identified using an mAb reactive with a 15-kD cytotoxic granule-associated protein (p15-TIA-1), the expression of which is restricted to cytotoxic lymphocytes (17) (18) (19) (20) (21) . This antibody also recognizes two related RRM-type RNAbinding proteins designated p40-TIA-1 and p53-TIA-1 (based on their apparent molecular weights of 40,000 and 53,000) which are expressed in a variety of cell types (17, 22) . Immunochemical analysis indicates that p15-TIA-1 is structurally related to the carboxyl terminus of p40-TIA-1 which encodes a glutamine-rich protein interaction domain (22) . The ability of both p15-TIA-1 and p40-TIA-1 to trigger DNA fragmentation in permeabilized thymocytes has implicated these molecules as candidate effectors of CTIrmediated apoptosis (22) . Although the molecular mechanism whereby the protein interaction domain of an RNA-binding protein might trigger apoptosis is unknown, we have proposed that p15-TIA-1 might affect the function of p40-TIA-1 in target cells by interacting with a common protein (22, 23) . We therefore used the two-hybrid system to screen for proteins capable of interacting with the carboxyl terminus of p40-TIA-1. Here we describe the characterization of Fas-activated serine/threonine kinase (FAST), a 60-kD serine/threonine kinase that binds to the carboxyl terminus of p40-TIA-1. FAST is a constitutively phosphorylated protein that is rapidly dephosphorylated after Fas ligation. Dephosphorylated FAST is activated to phosphorylate p40-TIA-1 before the onset of DNA fragmentation. Our results suggest that FAST activation may be involved in triggering downstream events in the apoptotic program.
Materials and Methods

Identification of TIA-l-binding Proteins
The eDNA encoding p40-TIA-1 was cloned into the multilinker of the pMA424 vector to produce a fusion protein consisting of the GAL4 DNA-binding domain at the amino terminus and p40-TIA-1 at the carboxyl terminus. Transformation of yeast strain GGY1::171 with this recombinant plasmid followed by selection on synthetic culture-histidine plates resulted in the efficient expression of the fusion protein (data not shown). Because this fusion protein lacks the GAL4 activation domain, it was unable to induce ~-galactosidase expression which in GGYl::171 is under control of the GAL4 promoter. The identification of cDNAs encoding TIA-l-binding proteins was then accomplished by cotransforming GGYl::171 cells with pMA424(TIA-1) and a cDNA library (B cell eDNA was cloned into the XhoI site of pSE1107) expressing fusion proteins consisting of the GAL4 activation domain (768-881) at the amino terminus and peptides encoded by individual cDNAs at the carboxyl terminus. Selection for double transformants expressing ~-galactosidase (i~e., blue colonies on X-gal plates) identifies cDNAs encoding candidate TIA-l-binding proteins which juxtapose the GAL4 activation domain and the GAL4 DNA-binding domain as a consequence of the TIA-1.'TIA-1 binding protein interaction. From 1 x 106 double transformants screened, we identified four B-galactosidase-expressing transformants. The recombinant pSE1107 plasmid from one of these transformants contained a 1.5-kb insert which was used as a probe to isolate a 1.8-kb full-length eDNA. Dideoxy sequencing using Sequenase (U.S. Biochemical Corp., Cleveland, OH) was performed using oligonucleotide primers and alkaliIdenatured plasmid DNA as described by the suppliers.
Construction of Fusion Proteins. The eDNA encoding FAST was cloned into the EcolLI site of the polylinker region of pGEX-3X using oligonucleotide linkers. These constructs were designed to express FAST as a fusion protein with glutathione-S-transferase (GST). Individual fusion proteins were expressed in Escherichia coli (DHS) , and purified from bacterial lysates using glutathioneSepharose (Sigma Chemical Co., St. Louis, MO). The purified fusion proteins were analyzed on a 10% SDS polyacrylamide gel by staining with Coomassie blue. Fusion proteins were also analyzed by immunoblotting using rabbit polyclonal antisera raised against recombinant FAST.
The hemagglutinin-tagged fusion protein was produced by cloning the eDNA-encoding FAST into the EcoRI site of pMT2-HA vector (provided by Dr. Michel Streuli, Dana-Farber Cancer Institute, Boston, MA). This recombinant plasmid was used to transfect COS calls in the transient assay described below.
COS Cell
Transfections. COS ceils were transfected with the pMT-2 plasmid containing the indicated insert DNA using the diethylaminoethyl dextran method as described (24) . After 48 h of culture, transfected ceUs were solubilized with lysis buffer, and used in the immunoprecipitation and immunoblotting experiments described.
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Immunoblot Analysis. Immunoblotting analysis was carried out as previously described (17) . Immunoblots were developed using polyclonal or monoclonal antibodies reactive with FAST, followed by horseradish peroxidase-conjugated protein A/G. Blots were revealed using the enhanced chemiluminescence detection system (Renaissance; DuPont NEN Research Products, Boston, MA).
Phosphoamino Acid Analysis. 3~p-labeled immunoprecipitates were separated on a 10% SDS polyacrylamide gel, transferred to polyvinylidene difluoride (PVDF) (Immobilon P; Millipore Corp., Bedford, MA), and visualized by autoradiography. The indicated bands were excised and digested with 5.7 M HC1 at 110~ for 1 h before drying in a speed vac. Hydrolysates were then lyophilized and separated using two-dimensional electrophoresis/TLC as described (25) .
Kinase Assays. 3zP-labeling and Cellular Activation. Jurkat cells (2 x 106 cells/ml) were incubated in phosphate-free RPMI (GIBCO BRL, Gaitherburg, MD) containing 5% dialyzed FCS and 0.2 mCi/ml 32PO4 for 3-4 h at 37~ After the addition of activating mAbs, cells were centrifuged at the indicated times and lysed in either digitonin lysis buffer (1% digitonin, 0.12% Triton-X 100, 150 mM NaC1, 1 mM EDTA, 20 mM triethanolamine, pH 7.8) or NP-40 lysis buffer (1% NP-40, 150 mM NaCI, 1 mM EDTA, 50 mM Tris, pH 7.8) containing freshly added protease inhibitors (1 mM PMSF, 10/~g/ml leupeptin, 10 #g/ml aprotinin, 20 mM iodoacetamide). Immunoprecipitations using the indicated antibodies were performed as previously described (22) .
DNA Fragmentation. Jurkat cells were treated with anti-Fas (7c11, IgM) for the indicated times, collected by centrifugation, and lysed in 20 mM Tris (pH 7.4), 0.4 mM EDTA, 0.4% Triton X-100. Solubilized cells were centrifuged at 14,000 rpm for 5 min. Supernatants were collected and adjusted to contain 0.5 M NaC1 and an equal volume of isopropanol. After incubating overnight at -70~ samples were thawed and centrifuged at 14,000 rpm for 10 min, washed once with 70% ethanol, and dried in a SpeedVac (Savant, Farmingdale, NY). Pellets were resuspended in 20/~1 of Tris-EDTA buffer containing 0.1 mg/ml RNAase and incubated at 37~ for 30 min. After the addition of loading buffer, samples were separated on agarose gels (0.8%) and visualized under UV light. mg was administered intraperioneally at 3-wk intervals for a total of four injections) in adjuvant before fusing immune splenocytes with the NS-1 hybridoma partner as previously described (17) . Individual hybridomas were screened for production of antibodies reactive with FAST using a solid-phase ELISA as previously described (22) . The isotype of the mAbs designated anti-2B5 and anti-2D5 are both IgG2a. Anti-2B5 was found to preferentially recognize recombinant FAST expressed in COS cells and was used to immunoprecipitate this protein for in vitro kinase assays. Anti-2D5 was found to preferentially recognize endogenous FAST, and was used to immunoprecipitate FAST from Jurkat cells.
Polyclonal antibodies reactive with FAST were prepared by immunizing rabbits with purified GST-FAST one time in CFA and subsequent times in incomplete Freund's adjuvant. Immune sera were depleted of antibodies reactive with GST using a Sepharose-GST column. Preimmune sera were used in control experiments using these antisera.
The production of mAbs reactive with TIA-1 and TIAR were described previously (22, 23) , with the exception of ML29. This antibody was produced using recombinant p40-TIA-1 as immunogen. The isotype of ML29 is IgG1.
Results
Identification of a cDNA Encoding FAST.
We used a genetic screen in yeast (i.e., the two-hybrid system [27, 28] ) to identify proteins capable of interacting with the carboxyl terminus of p40-TIA-1 (22) . The deduced amino acid sequence of one such protein (designated FAST, calculated molecular weight of 62,900) which interacted strongly with TIA-1, but only weakly with the related RNA-binding protein TIAR (23) , is shown in Fig. 1 A. Comparison of this amino acid sequence with proteins in the EMBL data library identified a region that was similar (23% identity over 240 amino acids using the FASTA algorithm, 12% identity over the 432 amino acid kinase domain using the alignment shown in Fig. 1 A) to a protein kinase domain encoded by the ICP10 gene of herpes simplex virus (29) . Alignment of the amino acid sequence of FAST (amino acids 65-494) with the protein kinase domains of ICP10 and cAPK-ol, reveals the presence of several of the "invariant residues" defined by protein kinase consensus motifs I-X (30) (bold type, Fig. 1 B) . Both FAST and ICP10 also encode proline-rich, putative SH3-binding domains (underlined in the FAST sequence shown in Fig. 1 B; the ICP10 SH3-binding domain is encoded in the insert designated A in Fig. 1 B [29] ). A single 1.8-kb FAST mRNA was found to be expressed in heart, brain, placenta, lung, liver, skeletal muscle, kidney, and pancreas by Northern analysis (data not shown).
Analysis of Recombinant and Endogenous FAST.
Recombinant FAST possesses intrinsic protein kinase activity as shown in Fig. 2 . In this experiment, lysates from COS transformants expressing a recombinant FAST fusion protein containing an NH2-terminal hemagglutinin tag (HA-FAST) were immunoprecipitated using mAbs reactive with the HA tag (anti-HA), FAST (anti-2B5, an IgG2a mAb produced as described in Materials and Methods), or an isotype-matched control antibody, and immunoprecipitated proteins were incubated in kinase buffer containing ["/-32p]ATP (31) . Fig. 2 A shows that precipitates prepared using anti-HA and anti-FAST, but not control mAb, include 65-and 60-kD phosphoproteins. The 65-kD phosphoprotein comigrates with recombinant HA-FAST in immunoblots (arrow, data not shown). The 65-kD phosphoprotein is also autophosphorylated in the renaturation kinase assay (Fig. 2 B, arrow) . In this assay, dectrophoretically separated proteins are transferred to PVDF filters, renatured, and incubated in the presence of [3~-32p]ATP (32) . This result confirms that the 65-kD protein has intrinsic kinase activity. The origin of the 60-kD phosphoprotein identified in the in vitro kinase assay (Fig. 2 A) is not known, but it may be a degradation product derived from HA-FAST since it appears to be recognized by the anti-HA antibody. Phospho-amino acid analysis of the autophosphorylated kinase indicates that it is serine/threonine specific (Fig. 2 C) .
An mAb reactive with recombinant FAST (anti-2D5) immunoprecipitates a 60-kD phosphoprotein from 32p-labeled Jurkat cells (Fig. 3 A) . In some experiments, two isoforms of endogenous FAST (centered at 60 kD) can be resolved after separation on SDS-polyacrylamide gels (arrows). Like the autophosphorylated recombinant protein, endogenous FAST is phosphorylated exclusively on serine and threonine residues (Fig. 3 B) .
Interaction between TIA-1 and FAST. We used GST fusion proteins containing the carboxyl terminus of TIA-1 to demonstrate the intrinsic affinity between TIA-1 and FAST. Fig.  4 A shows that NP-40 lysates prepared from COS (HA-FAST) transformants (as well as immunoprecipitates prepared from these lysates using anti-FAST) contain a 65-kD protein that is recognized in immunoblots probed with an anti-FAST mAb. Affinity precipitates prepared from these same lysates using immobilized GST-p15-TIA-1 or GST-p40-TIA-1, but not GST alone, also include FAST (arrow; the 46-kD protein seen in the GST-p15-TIA-1 lane is the GST fusion protein itself, which is nonspecifically visualized in this assay). Because FAST contains a proline-rich domain (PPKPPPPLQP) that may interact with SH3 domains (33), we also analyzed affinity precipitates prepared using immobilized GST fusion proteins containing the SH3 domain of the fyn tyrosine kinase. In data not shown, FAST was found to bind to fyn-SH3, but not fyn-SH2, indicating that FAST, like ICP10, can interact with proteins possessing SH3 domains.
The association between endogenous FAST and TIA-1 in mammalian cells was demonstrated in the coimmunoprecipitation experiments shown in Fig. 4 ~ Jurkat cells metabolicaUy labeled with either 32p04 or [3SS]methionine were solubilized in digitonin lysis buffer (the FAS'I2TIA-1 association was preserved in the presence of digitonin, but less efficiently in the presence of harsher detergents such as NP-40) and immunoprecipitated using mAbs reactive with either FAST (anti-2D5), TIA-1, or TIAR (anti-Ill10 preferentially recognizes TIA-1, whereas anti-6E3 and anti-3E6 preferentially recognize TIAR [34] 
(right panel), but not with 32P04 (left panel).
The mAb reactive with TIA-1 (anti-Ill10) coprecipitates a doublet centered at 60-kD which is labeled with both 3sS (right panel) and 32p04 (left panel). This 60-kD doublet comigrates with endogenous FAST precipitated with an mAb reactive with FAST (anti-2DS). The anti-FAST antibody does not coprecipitate TIA-1, suggesting that its epitope may be part of the FAS1TFIA-l-binding site. The ability of anti-lFI10 to precipitate p40-TIA-1 and p53-TIA-1 was surprising since a previously described mAb reactive with the carboxyl-terminus of TIA-1 (anti-2G9) did not precipitate the full-length RNA binding proteins from lysates prepared from noncytotoxic cells (34) . Anti-ML29, an mAb reactive with a distinct amino-terminal TIA-1 epitope, also precipitates p40-TIA-1 and p53-TIA-1 from noncytotoxic cells (see below). These results suggest that the carboxyl terminus of TIA-1 is not accessible to anti-2G9 in cell lysates, possibly because it interacts with another protein. The detection of p40-TIA-1 protein in noncytotoxic cells is consistent with the expression of mRNA encoding p40-TIA-1 in a variety of cell types (22) . The observation that FAST associates with TIA-1 but not TIAR in cell lysates is consistent with data obtained using the two hybrid system. The observation that GST-fyn-SH3 is not an efficient substrate for FAST, in spite of the fact that it binds to FAST in vitro, indicates that TIA-1 may be a relatively specific substrate for FAST.
TIA-1 Is a Substrate for FAST In Vitra
TIA-I Is a Substrate for FAST In Viw
The identification of p40-TIA-1 as a FAST substrate in vitro suggested that it might also be a physiological FAST substrate. Although TIA-1 is not constitutively phosphorylated (our unpublished observations), its ability to trigger DNA fragmentation in permeabilized thymocytes suggests that it might play a role in signaling apoptosis (22) . We therefore monitored the phosphorylation of TIA-1 in 32pO4-1abeled Jurkat cells triggered 869 Tian et al. to undergo apoptosis by antibodies reactive with Fas. Immunoprecipitates prepared using an mAb reactive with TIA-1 (anti-ML29) showed that both TIA-1 isoforms (p40-TIA-1
and p53-TIA-1) are transiently phosphorylated (Fig. 6 A, upper Although FAST and TIA-1 form an intermolecular complex in Jurkat lysates (Fig. 4 B) , TIA-1 is only phosphorylated after Fas ligation. This result suggests that FAST is activated in response to this stimulus. We therefore monitored the phosphorylation of FAST and TIA-1 in Jurkat cells treated with anti-Fas. As shown in Fig. 7 A (left panel) , phosphorylated FAST rapidly disappears from Jurkat cells triggered with antiFas. Although immunoblotting analysis was not sufficiently sensitive to detect the endogenous FAST protein in this experiment, parallel experiments using 3SS-labeled Jurkat cells showed that the amount of FAST protein does not significantly change during the first 3 h of Fas-mediated apoptosis (data not shown). Therefore, the disappearance of phosphorylated FAST probably results from its specific dephosphorylation. Dephosphorylation of FAST is usually detected 30-60 min after the addition of anti-Fas, and the dephosphorylation of FAST coincides with the phosphorylation of TIA-1 (Fig. 7 A, middle panel). The specificity control in this experiment is an mAb reactive with TIAR, a TIA-l-related RNA-binding protein (23) that is not phosphorylated after Fas ligation (Fig.   7 A, right panel) . The simplest interpretation of these results is that dephosphorylation activates FAST to phosphorylate TIA-1. This possibility is supported by the observation that Fas ligation activates the autophosphorylation and transphosphorylation activities of FAST in vitro (Fig. 7 B) . In this experiment, Jurkat cells were treated with anti-Fas for the indicated times, solubilized in NP-40 lysis buffer, and immunoprecipitated using an mAb reactive with FAST (anti- 870 Fas-activated Serine/Threonine Kinase Fig. 7 A. Phosphorylation of FASTassociated proteins (pp70 and pp95) was also induced by Fas ligation. The identity of these candidate FAST substrates is not known.
To determine whether the dephosphorylation of FAST is specific for Fas-mediated apoptosis, we similarly measured the phosphorylation of FAST in Jurkat cells activated by an antibody reactive with the CD3:TCR complex. Whereas activation via CD3:TCR was a potent stimulus for the production of I1-2, we observed no change in the phosphorylation of FAST or TIA-1 in response to anti-CD3 (data not shown). These experiments were done in parallel with the experiments shown in Fig. 7 , and included time points of 1, 2, and 3 h. Recent results have shown that Jurkat cells treated with anti-CD3 are induced to express Fas-ligand, and that activationinduced death is dependent upon Fas ligation (35) . Because this process is much slower than Fas-mediated apoptosis, it is still possible that anti-CD3 might induce the phosphorylation of TIA-1 at later times of incubation. We were unable to test this possibility because of technical limitations of the metabolic labeling assay. Since activation via the CD3:TCR complex is a potent stimulus for the secretion of IL-2 in these cells, the observation that FAST remains phosphorylated and catalytically inactive at early times suggests that FAST may be selectively activated during Fas-mediated apoptosis.
Discussion
We have identified a serine/threonine kinase, designated FAST, that binds to the carboxyl terminus of the RRM-type RNA-binding protein TIA-1. The deduced amino acid sequence of FAST reveals a weak similarity to a serine/threonine kinase domain found at the amino terminus of the large subunit of herpes virus ribonucleotide reductase (this gene is designated ICP6 [36] and ICP10 [29] in HSV-1 and HSV-2, respectively). In HSV-2, ICP10 is essential for virus replication (37) , and its overexpression induces cellular transformation. The ICP10 kinase domain is unusual in that it only partly conforms to the consensus motifs comprising the catalytic core of eukaryotic protein kinases (30, 38, 39) . ICP10 is also unusual in that mutation of the invariant lysine residue in motif II does not affect its activity (40) . Thus, although ICP10 possesses kinase activity, its phylogenic relationship to other known protein kinases is relatively distant. FAST is more closely related to ICP10 than it is to other eukaryotic protein kinases. It also lacks several "invariant" residues defined by kinase consensus motifs. These include the alanine residue in motif II, both the aspartic acid and asparagine residues in motif VI, and the aspartic acid residue in motif VII. Because the aspartic acid residue in motif VII normally interacts with the asparagine residue in motif VI (39) , the absence of both of these normally invariant amino acids suggests that the catalytic core of FAST may differ significantly from that of most protein kinases. In addition, there is an amino acid insertion that disrupts the spacing of motif I. Both FAST and ICPl0 also possess several inserts (labded A-F in Fig. 1 B) which could interrupt the catalytic core of the kinase domain. Each of these inserts is found in a position that could be accommodated without disrupting the conserved catalytic core (39), however, suggesting that they may contribute to substrate specificity. FAST and ICP10 both encode a proline-rich domain that is a potential binding site for SH3 domains (33) . ICP10 interacts with proteins containing SH3 domains (e.g., son-of-sevenless and Grb-2) in cells. FAST also interacts with proteins possessing SH3 domains in vitro (unpublished results), but the relevance of this property to the function of FAST is unknown.
Our results indicate that FAST can efficiently bind and phosphorylate the carboxyl terminus of TIA-1 in vitro. The observation that FAST and TIA-1 form a complex in cell 1y-sates supports the possibility that FAST might also phosphorylate TIA-1 in vivo. We have shown that TIA-1 is rapidly phosphorylated on serine residues in response to antibody-mediated Fas ligation. Phosphorylated TIA-1 is detected in cell lysates prepared between 1 and 2 h after Fas ligation. Because TIA-1 is no longer phosphorylated in cell lysates prepared 3 h after Fas ligation, its phosphorylation may be regulated by a constitutively active phosphatase. This result implies that the kinase responsible for phosphorylating TIA-1 is activated within 1 h, and inactivated within 3 h, of Fas ligation. The kinase activity of FAST precipitated from Jurkat lysates is transiently increased after Fas ligation, with kinetics that parallel the phosphorylation of TIA-1. Because dephosphorylation of FAST is also observed 1 h after Fas ligation, it may be the target of a Fas-activated Ser/Thr phosphatase. Taken together, our results strongly suggest that FAST is responsible for the phosphorylation of TIA-1 during Fas-mediated apoptosis.
Fas ligation has been shown to activate sphingomyelin hydrolysis, resulting in the production of ceramide (11) . Ceramide, in turn, has been shown to directly trigger apoptosis in selected Fas-sensitive cell lines (11) . Although ceramide may be an important component of the Fas signaling mechanism, it is clearly not sufficient for the induction of apoptosis, since ceramide is produced after ligation of a variety of receptors that do not trigger apoptosis (e.g., receptors for IL1B, IFN-% and TNF-c~) (12, 13) . On the other hand, ceramide has been shown to activate several intracellular protein kinases (14, 15) and phosphatases (16) . Thus, the presence or absence of specific kinases or phosphatases might influence a cell's susceptibility to Fas-mediated apoptosis. It is possible, for example, that ceramide activates the Ser/Thr protein phosphatase responsible for FAST activation. It will be important to correlate the expression of FAST, and its putative activating phosphatase with the relative susceptibility to Fas-mediated apoptosis in various cell lines.
Our results introduce FAST and TIA-1 as components of a molecular cascade that is activated during Fas-mediated apop-tosis. It remains to be determined whether activation of FAST or phosphorylation of TIA-1 is required for signaling apoptoffs. By determining the effect of functionally inactive FAST mutants on Fas-mediated apoptosis, it may be possible to answer this important question. It also remains to be determined whether p15-TIA-1 expressed in the granules of cytotoxic lymphocytes can cooperate with the Fas pathway to activate the FAS1TflA-1 cascade. Because CTLs can trigger apoptosis via two independent mechanisms (i.e., granule exocytosis and Fas) (41) (42) (43) (44) , identifying a role for p15-TIA-1 in this process will require the production of CTLs which lack p15-TIA-1. If TIA-1 is required for signaling apoptosis, how might the phosphorylation of a nudear KNA-binding protein signal apoptotic cell death? One possibility is that TIA-1 regulates the processing of an RNA transcript encoding a regulator of apoptosis. Alternative splicing of ICE (45), Ich-1 (46) , and bcl-x (47-49) can produce mRNAs encoding both positive and negative regulators of apoptosis. Thus, if TIA-1 were to regulate the splicing of a proteins such as ICE, Ich-1, or bd-x, its phosphorylation could result in the preferential selection ofisoforms that promote apoptosis. By determining the RNA sequence recognized by the RRM motifs of TIA-1, we might be able to identify a specific RNA transcript whose translation is affected by TIA-1.
